Abstract CFETR is the "ITER-like" China fusion engineering test reactor. The design of the breeding blanket is one of the key issues in achieving the required tritium breeding radio for the self-sufficiency of tritium as a fuel. As one option, a BIT (breeder insider tube) type helium cooled ceramic breeder blanket (HCCB) was designed. This paper presents the design of the BIT-HCCB blanket configuration inside a reactor and its structure, along with neutronics, thermo-hydraulics and thermal stress analyses. Such preliminary performance analyses indicate that the design satisfies the requirements and the material allowable limits.
Introduction
CFETR is the "ITER-like" China fusion engineering test reactor. Its major radius is 5.7 m, minor radius is 1.6 m and elongation ratio is 1.8. Its mission is to achieve 50-200 MW of fusion power, 30%-50% of duty time factor, and a tritium breeder ratio (TBR) of no less than 1.2, to ensure tritium self-sufficiency [1] .
The tritium breeding blanket is one of the key invacuum vessel components for fusion reactors. It is required to perform tritium breeding to fuel DT plasma operation based on both 6 Li(n, α)T and 7 Li(n, α) reactions between the neutrons from the plasma chamber and the lithium in the blanket; to remove the neutron heat deposited in the blanket to demonstrate fusion power generation at higher coolant outlet temperatures; and to provide sufficient radiation protection as one part of the in-vessel shielding system, which is comprised of the tritium breeding blanket, the shielding blanket and the vacuum vessel.
Over the past several years, the fusion communities have presented several concepts of breeding blankets categorized by the tritium breeders, coolant, structural materials, or its geometrical configuration. According to the breeding materials, the blanket is categorized into solid ceramic (e.g. Li 4 SiO 4 , Li 2 TiO 3 , Li 2 O, and so on) breeders [2, 3] , liquid metal (e.g. LiPb, Li) [4, 5] breeders, and molten salts (e.g. FLiBe) [6] . Usually, the lithium component needs to be 6 Li-enriched to improve the TBR. In addition, a neutron multiplier (e.g. beryllium and lead) is arranged in the blanket to increase the number of neutrons by the (n, 2n) reaction, to improve the reaction rate between neutrons and lithium atoms, and to enhance TBR. Based on the coolants, the blanket is categorized as helium-cooled, water-cooled, liquid-metal or molten salts self-cooled, and helium/LiPb dual coolant. In the above concepts, the ceramic breeder blanket has a number of attractive features, such as an abundant database, high safety, and good DEMO relevancy [7] . Based on the geometrical configurations for the solid breeder blanket, there is (a) a layered BOT (breeder outside tube) scheme, i.e. the breeder and multiplier are in separate panels and cooled by the cooling plate; and (b) a BIT (breeder inside tube) scheme, i.e. the inside tubes hold the breeder and the coolant flow in the annulus, and the multiplier fills the space between the tubes [8, 9] . For the BIT scheme, the BIT unit can be pre-fabricated and may simplify the assembly of the blanket components.
A helium-cooled breeder blanket scheme based on the BIT concept was investigated as one of the HCCB blanket candidates for CFETR. In this paper, the structural scheme of the breeding blanket module is presented in section 2, the performance analyses are given in section 3, including neutronics, thermo-hydraulic, and thermal stress analyses; and the summary is given in section 4.
Blanket module description 2.1 Configuration
The module-type blanket is selected for CFETR because the module can reduce the thermal stress and electromagnetic force caused by plasma disruption. Based on the core parameters of CFETR, four inboard and seven outboard blanket modules are arranged surrounding the plasma, as shown in Fig. 1(a) . The toroidal dimension for each module is allocated according to the toroidal segmentation of 11.25 degrees, as shown in Fig. 1(b) . The radial thickness of the outboard blanket is larger than that of the inboard blanket because more space needs to be allocated to the shield due to the limited space available at the inboard zone. 
Typical module design
A typical blanket module (e.g. the #8 module) is designed based on the BIT concept. The blanket module shown in Fig. 2(a) is a rectangular steel box (1.3 m(Pol.)×1.4 m(Tor.)×0.7 m(Rad.)) enclosed by a first wall (FW), caps, a manifold and a back plate. Reduced Activation Ferritic-Martensitic (RAFM, e.g. F82H, CLAM [10] ) steel is employed as the structural material. Lithium orthosilicate (Li 4 SiO 4 ) pebble is considered as the breeder due to the high Li density per unit volume. A packing factor of 0.62 is assumed. Beryllium pebble is used as the neutron multiplier. A packing factor of 0.8 is assumed. Helium gas is used as the coolant (8 MPa) . A purge gas with He+0.1%H 2 at 0.1 MPa is employed for tritium extraction. shows the arrangements of different materials and components in the 50 cm breeding zone for the #8 blanket module. The toroidal breeder tubes array is set out as five rows and three columns. The front, middle, and rear tubes in each row constitute one tritium breeder unit embedded in a beryllium pebble bed, as shown in Fig. 2(c) . The blanket tritium breeder unit is an annular assembly. Inside and outside annular tubes are the helium coolant channels. The middle annular tube is filled with Li 4 SiO 4 pebbles. This annular assembly scheme helps the maximum breeder temperature to be below the allowable limit. Detailed analysis is given in section 4. The space between the inner wall of the module box and the outer wall of the tritium breeder unit is filled with beryllium pebbles. The beryllium pebbles between the inner wall of the blanket box and the red dashed-dotted line shown in Fig. 2 (b) can serve as neutron reflectors to reduce neutron leakage and help enhance the reaction rate of neutrons and Li atoms, and further improve TBR. The breeding zone of the inboard blanket is similar to that of the outboard blanket, except it is missing one column tritium breeder unit, and the radial dimension is 30 cm.
Tritium extraction scheme
The middle annular tube of the tritium breeder unit is filled with breeder pebbles. The purge gas is circulated through/in the breeder pebble bed. The pressure drop in the purge gas and the partial pressure of tritium depend on the length of the purge path. When the purge gas scheme is designed to flow axially along the tube, the purge path is longer and the pressure drop is larger. In order to improve this defect, a lateral flow scheme of the purge gas is proposed, as shown in Fig. 3 . Independent pipes with an aperture are installed inside the breeder annular tube. The purge gas from the input pipe flows into the breeder zone via an aperture, and then flows laterally into the output pipe so that the purge path is greatly shorted. This improvement may reduce the pressure drop and outlet temperature of the purge gas, however, it might also lead to a complexity of the tritium breeder unit, so its engineering feasibility needs to be further evaluated. 
First wall assembly
The first wall assembly is one of the key elements of the blanket. It is designed to tolerate the erosion of energetic particles, to withstand the heat flux from the plasma chamber, as well as the neutron heat deposited in the structure, and to maintain the temperature of the structure below the allowable limits of the material. It is made up of a structural wall and a plasma-facing wall. The structural wall is designed to be a U-shaped structure, which is made of RAFM steel and consists of the front wall and the side walls. The plasma-facing wall is designed to be a ∼2 mm thick layer of W (as a plasma-facing material) which is coated on the front structural wall to protect the structure. The structural wall contains 16 helium sub-circuits. Each sub-circuit consists of four interconnected channels. The cross section of the channel (shown in Fig. 4 ) with a pitch of 20 mm is 15 mm ×15 mm. The helium coolant in adjacent channels flows in opposition directions, so as to minimize the temperature difference between the adjacent channels and reduce the thermal stress. 
The helium flow scheme
The "cold" helium gas is fed into the manifold first, and fully distributed into the FW. After being heated up in the FW, helium gas flows back to the intermediate manifold; it is distributed in parallel into the caps and annular cooling tube in the breeder unit to remove nuclear heat. Lastly, the helium gas returns back to the manifold and flows out of the blanket at a higher temperature.
3 Performance analyses 3.1 Neutronics A 22.5 degree neutronics torus model (shown in Fig. 5(a) ) was developed. This model contains all the representative inboard and outboard components, such as the plasma chamber, breeding blanket, shield, vacuum vessel, and TF coils. Gaps of 2 cm between the blanket modules along both the toroidal and poloidal directions were adopted. The inboard and outboard blanket models are semi-heterogeneous, i.e. the blanket breeding zone is artificially divided into five zones with different material compositions in the radial direction, and each zone of 10 cm thickness is homogeneous. The material composition of each zone, listed in Table 1, was calculated according to the typical module structural design presented in section 2.
Three-dimensional Monte Carlo analysis was performed with the MCNP code and FENDL2.1 nuclear data library. In this analysis, 80% 6 Li enrichment in Li 4 SiO 4 was considered, and the port effect at the outboard was not taken into account. The volumetric neutron source density is normalized by 200 MW fusion power. The local TBR in the blanket module varied with location, as shown in Fig. 5(b) , and the maximum TBR took place in the equatorial outboard blanket marked as #8 in Fig. 1 . The global TBR with this semi-heterogeneous blanket model was 1.21, which satisfies the mission of CFETR, wherein, the contribution of the inboard blankets was 0.29. Fig. 5(c) illustrates the nuclear heat density distribution in the equatorial outboard blanket. It serves as a source item in the thermal-hydraulic design. 
Thermal hydraulics analysis
The thermal-hydraulics parameters for the typical equatorial outboard blanket were calculated under 200 MW operating conditions, based on the energy balance principle, and listed in Table 2 . The total power removed by the helium coolant was 1.064 MW, wherein the power on the FW generated by 0.3 MW/m 2 surface heat flux from the plasma chamber was 0.527 MW. Considering the DBTT (ductile-brittle transition temperature) of RAFM steel, the inlet temperature of 300
• C of helium coolant is designed, and the outlet temperature of 500
• C is defined as a design objective. The total mass rate is about 1.02 kg/s, and the total pressure drop is 0.26 MPa. 
Thermal hydraulics analysis for FW
According to the parameters listed in Table 2 , the thermal hydraulics analysis for the FW was carried out based on the FLUENT code using a 3D model with one sub-circuit channel of the FW. In this analysis, the standard k-ε turbulence model and the simple algorithm based on the pressure gradient were adopted. The maximum temperature appeared on the corner of the U-shaped FW. The maximum wall temperature was 554
• C, higher than the limit temperature of 550 • C for RAFM steel when the cooling channel is smooth. However, the maximum wall temperature can be reduced to 526
• C below the allowable temperature limit of RAFM steel when the channel wall is artificially roughened (rough height ∼0.25 mm). Fig. 6(a) demonstrates the temperature distribution of the FW. The temperature rise in helium gas was 99
• C in FW. The helium pressure distribution is illustrated in Fig. 6(b) , where the pressure drop was 0.244 MPa.
Thermal analysis for the tritium breeder unit
The maximum temperature might appear at the front column of the tritium breeder unit since high nuclear heat density takes place here. Two 1D finiteelement models at this location were developed corresponding to the axial flow and the lateral flow schemes of purge gas, respectively. In this analysis, the pebble bed of thermal conductivity for Li 4 SiO 4 and beryl-lium come from Refs. [11, 12] . The heat transfer coefficients at the material interface between the breeder and the steel inside-tube/outer-tube were taken as 1190.93 W/(m 2 · • C) and 1671.41 W/(m 2 · • C). For the lateral flow scheme of the purge gas, the purge gas was assumed to carry a little heat in the breeder, and the heat transfer coefficient between the breeder and the steel tube was taken as 124 W/(m 2 · • C). Fig. 7 shows the temperature distribution for the two breeder unit schemes, respectively. For the axial flow scheme of the purge gas, the maximum temperatures in the breeder and tube wall were 646.73
• C and 443.41
• C respectively. For the lateral flow scheme of the purge gas, the maximum temperatures in the breeder and tube wall were 616.82
• C and 451
• C respectively. Both schemes satisfy the allowable temperature limits of the breeder and steel.
Thermal analysis
A 3D finite-element slice model was developed. The location was selected at the middle of the blanket steel box because extreme temperature might occur here. This slice model includes the FW with two sub-circuit channels, a tritium breeder unit, beryllium pebbles, Li 4 SiO 4 pebbles in the tube, and the manifold. A steady-state thermal analysis was carried out. Fig. 8 demonstrates the temperature distribution on the slice model and each component. The highest temperature of 613
• C appeared in the Li 4 SiO 4 pebble bed. The highest temperature in each component is summarized in Table 3 . All fulfill the allowable temperature limit of the material. Fig.7 The temperature distribution on the cross-section of the tritium breeder unit for (a) the axial flow scheme of the purge gas; and (b) the lateral flow scheme of the purge gas Fig.8 The temperature distribution on (a) the whole structure, (b) the breeder zone, (c) the beryllium pebble bed, and (d) the tube wall of the blanket module breeder unit 
Thermal stress analysis
Thermal stress analysis was carried out on the FW of the blanket module using the ANSYS code. The corner location of the U-shaped FW was selected because the maximum wall temperature occurs here. A finiteelement model with two sub-circuit channels was created. The temperature field derived from the thermalhydraulic simulation of FW corresponding to model geometry and a pressure of 8 MPa was added on the channel surface. A static structure analysis was performed and the von Mises stress distribution on the FW is illustrated in Fig. 9 . In this analysis, the properties of RAFM steel at different temperatures were referred to those of F82H steel [13] . The maximum stress on the FW was 161 MPa which appeared at the fillet region of the front wall of the channel. This stress value is below the permissible limits of F82H steel at 400
• C according to the 3S m (S m is the allowable primary membrane stress intensity, S m of F82H steel is 154 MPa at 400
• C) criteria of ITER SDC-IC [14] . Fig.9 The von Mises stress distribution in the FW
Summaries
This paper presents a preliminary conceptual design of a BIT-type helium-cooled solid breeder blanket for CFETR. A series of performance analyses have been performed. The results indicate that the current designs fulfill the requirements of CFETR under normal operating conditions. The 3D neutronics analysis shows that the TBR of ∼1.21 satisfies the requirements of the CFETR mission.
The thermal-hydraulic calculation and stress analysis indicate that the maximum temperature on the FW is 526
• C, which is less than the temperature limit of RAFM steel, and the maximum stress in the FW is 161 MPa, which is below the permissible limits regarding the requirements of the structure strength regulations. The thermal analyses demonstrate that the highest temperatures in the structure, tritium breeding unit, and beryllium zone are within the allowable temperature limit of the materials.
Next, further detailed performance analysis needs to be undertaken, e.g. electro-magnetic analysis and accident analysis, and the engineering feasibility, such as the fabrication and assembly of components, needs to be evaluated based on the R&D progress.
